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Research Impact Statement: The value of GRACE is not just in the diagnosis of drought events but also in
the improvement of the predictive power of remote signals, then improving water resource management on a
regional scale.
ABSTRACT: Recent severe drought events have occurred over the Ogallala Aquifer region (OAR) during the per-
iod 2011–2015, creating significant impacts on water resources and their use in regional environmental and eco-
nomic systems. The changes in terrestrial water storage (TWS), as indicated by the Gravity Recovery and
Climate Experiment (GRACE), reveals a detailed picture of the temporal and spatial evolution of drought
events. The observations by GRACE indicate the worst drought conditions occurred in September 2012, with an
average TWS deficit of ~8 cm in the northern OAR and ~11 cm in the southern OAR, consistent with precipita-
tion data from the Global Precipitation Climatology Project. Comparing changes in TWS with precipitation
shows the TWS changes can be predominantly attributable to variations in precipitation. Power spectrum and
squared wavelet coherence analysis indicate a significant correlation between TWS change and the El Nino-
Southern Oscillation, and the influence of equatorial Pacific sea surface temperatures on TWS change is much
stronger in the southern OAR than the northern OAR. The results of this study illustrate the value of GRACE
in not just the diagnosis of significant drought events, but also in possibly improving the predictive power of
remote signals that are impacted by nonregional climatic events (El Nino), ultimately leading to improved water
resource management applications on a regional scale. Editor’s note: This paper is part of the featured series
on Optimizing Ogallala Aquifer Water Use to Sustain Food Systems. See the February 2019 issue for the intro-
duction and background to the series.
(KEYWORDS: drought; precipitation; time series analysis; terrestrial water storage (TWS); Ogallala Aquifer
region (OAR); GRACE.)
INTRODUCTION
The Ogallala Aquifer is one of the world’s largest
unconfined freshwater aquifers supporting irrigated
agriculture in the central United States (U.S.). With
a total area of approximately 450,000 km2 and cover-
ing parts of eight states (South Dakota, Nebraska,
Wyoming, Colorado, Kansas, Oklahoma, New Mexico,
and Texas; see Figure 1), the Ogallala Aquifer region
(OAR) is dominated by agriculture (41%) and range-
land (56%) and is known as one of the major agricul-
tural production regions of the world. Over
175,000 km2 of cropland (Homer et al. 2007; McGuire
2009, 2014) produce more than $35 billion in crops
each year (Basso et al. 2013).
The climate of the OAR is mostly semiarid, with a
distinct east-west gradient in average annual
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precipitation ranging from 400 mm in the west to
800 mm in the east with a clear south-north slope in
mean annual pan evaporation from 2,700 mm in the
south to 1,500 mm in the north (Gutentag et al. 1984;
Shafer et al. 2014). With low precipitation and high
pan evaporation, agriculture in the OAR is heavily
dependent on irrigation with more than 95% of the
water extracted from the Ogallala Aquifer used for
crop production. In addition, the OAR is also the prin-
cipal source of water for 1.9 million people (USGS
2006). Due to the large demand for agricultural and
drinking water supplies, groundwater levels in the
region have declined by an average of 3.9 m over the
entire aquifer area since predevelopment (1950s) with
some areas exhibiting declines of up to 71 m (McGuire
2009). Stress on the aquifer is projected to increase in
the future, with less summer rainfall, longer rain-free
periods, and drier summers expected (Shafer et al.
2014). Hence, accurate monitoring and quantification
of water resources in the OAR, both now and in the
future, are essential for sustaining agricultural pro-
duction, ecosystem health, and community well-being.
Terrestrial water storage (TWS), a major compo-
nent of the global water cycle, is determined by all
physical phases of water stored above and below the
surface of the Earth. This includes soil moisture,
snow and ice, canopy water storage, and groundwa-
ter, which strongly influences water, energy, and
FIGURE 1. Map of the Ogallala Aquifer region (OAR) in the United States. The dashed red line indicates the division between the northern
and southern OAR. WY, Wyoming; SD, South Dakota; MN, Minnesota; IA, Iowa; CO, Colorado; NE, Nebraska; KS, Kansas; NM, New
Mexico; OK, Oklahoma; TX, Texas.
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biogeochemical fluxes and thereby plays a major role
in the Earth’s climate system (Famiglietti 2004; Niu
and Yang 2006). Changes in TWS not only reflect
variations in fresh water resources, but also serve as
an indicator of Earth’s climate system variability.
However, traditional in situ methods of monitoring
precipitation and soil moisture have generally been
inadequate to evaluate the variations of TWS across
spatial scales (Dai 2011; Famiglietti and Rodell
2013). Since 2002, the Gravity Recovery and Climate
Experiment (GRACE) consisting of two satellites has
provided monthly measurements of Earth’s gravity
field which can be used to retrieve approximate
monthly changes in TWS (Rodell and Famiglietti
2002; Tapley et al. 2004; Famiglietti and Rodell 2013;
Thomas et al. 2014). A number of studies have shown
that GRACE data can capture natural water storage
variations very well compared to observations. As a
result, changes in TWS retrieved from GRACE can
reflect the sum of accumulated precipitation, evapo-
transpiration, and surface and subsurface runoff pro-
viding a reliable measure of abnormal climate
conditions such as droughts and floods. Examples of
such applications include Yeh et al. (2006) and Swen-
son and Wahr (2006), who concluded that the
GRACE-based method of groundwater storage change
performed reasonably well in Illinois and Oklahoma.
Rodell et al. (2007) used GRACE to assess TWS for
the Mississippi River basin and its sub-basins, and
Long et al. (2013) confirmed the 2011 severe
drought event in Texas using TWS data retrieved
from GRACE. A recent study (Vishwakarma et al.
2018) indicates that there is about 2 cm error in
terms of equivalent water height at a small size
catchment (~63,000 km2) when retrieving TWS from
GRACE, and this error could be decreased accord-
ingly as the catchment size increases. Considering
the large size of OAR (~450,000 km2), the TWS
changes thus can be reconstructed from GRACE,
which might serve as a drought monitoring tool in
water-limited OAR.
Validation of the accuracy of GRACE-based analy-
ses of TWS can be obtained via comparison to the
National Climate Assessment — Land Data Assimi-
lation System (NCALDAS) which generates high-
quality and high-resolution terrestrial water and
energy balance stores from best-available observa-
tions and model outputs (Xia et al. 2012; Kumar
et al. 2016, 2017). As an integrated terrestrial water
analysis system, NCALDAS can also be used to rep-
resent changes in TWS. A recent example of the
application of NCALDAS is Kumar et al. (2016), who
presented a time series of daily and monthly averaged
TWS over the Northeast, Midwest, Great Plains, and
Southwest regions of the continental U.S. based on
NCALDAS data.
For the OAR, previous studies have mainly focused
on analyses of groundwater storage from GRACE in
the U.S. High Plains (Strassberg et al. 2007, 2009;
Scanlon et al. 2012; Crosbie et al. 2013), whereas less
attention has been paid both to the more southern
portions of the OAR and to the temporal variability
in TWS and its usefulness as an estimator of drought.
In this paper, we examine changes in TWS from
GRACE satellites for the OAR, with the aim of
improving our understanding of recent extreme
drought events in the OAR. This work is based lar-
gely on Houborg et al. (2012), who showed that
GRACE data can be used to indicate drought condi-
tions more accurately and objectively compared to
traditional drought monitors that do not account for
soil moisture and groundwater conditions. The speci-
fic objectives of this paper are (1) to use GRACE data
to estimate TWS variations for the OAR for the per-
iod 2003–2015, (2) to compare GRACE-based estima-
tions of TWS with NCALDAS data, and (3) to
examine recent severe drought events in the OAR as
well as their underlying climatological causes.
DATA AND METHODS
Evaluating Changes in TWS from GRACE
We used GRACE release 05 (RL05) monthly data,
provided by the Center for Space Research, Univer-
sity of Texas at Austin, in the form of spherical har-
monic Stokes coefficients up to degree and order 60.
Several tests (Huang et al. 2013; Zhang et al. 2015;
Nie et al. 2016) proved that RL05 is more accurate
than previously released GRACE products for the
analysis of TWS. Monthly GRACE data use spans
over 16 years, from April 2002 through March 2017.
For this study, a total of 145 monthly (approximately)
TWS measurements taken between January 2003
and December 2015 are included in the raw datasets.
This excludes missing data from the following
months: June 2003, January 2011, June 2011, May
2012, October 2012, March 2013, August 2013,
September 2013, February 2014, December 2014, and
June 2015. These missing data were interpolated
using a bilinear interpolation method (Zhang et al.
2015). Anomalous TWS fields were obtained by sub-
tracting out the multi-year mean field (based on an
average of 2004–2009).
Evaluating Changes in TWS from NCALDAS
We used NCALDAS to retrieve TWS variations
over the OAR during the period 2003–2015 (Kumar
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et al. 2006, 2014; Xia et al. 2012; Liu et al. 2015).
NCALDAS forcing data are derived from the North
American Regional Reanalysis (NARR) which fea-
tures a 32-km spatial resolution and a three-hour
temporal resolution (Xia et al. 2012; Kumar et al.
2016). NARR-based variables used in NCALDAS
include 2-m air temperature, 2-m specific humidity,
10-m wind speed, surface pressure, precipitation,
incoming solar radiation, and incoming longwave
radiation. For this study, the model outputs produced
by the NCALDAS-Noah land surface scheme were
used. These data are available from 1979 to present
at daily intervals and monthly average soil moisture
(2-m column depth) and snow water equivalent are
computed at each grid point for this period. The soil
moisture profile includes four layers at 10, 40, 100,
and 200 cm from the soil surface downward. Because
groundwater was not modeled by NCALDAS, mod-
eled TWS used in this study is defined as the sum of
soil moisture content and snow water equivalent
(Chen et al. 2009, 2010). The NCALDAS data are
available at https://ldas.gsfc.nasa.gov/NCA-LDAS/.
GPCP Precipitation Data
The Global Precipitation Climatology Project
(GPCP) is an effort of the World Climate Research
Program and its key Global Energy and Water Cycle
Experiment to produce community analyses of global
precipitation. GPCP provides a long time series of
monthly and sub-monthly resolution precipitation
data on a global scale. GPCP Version-2 monthly pre-
cipitation with a 2.5 9 2.5 degree spatial resolution
are utilized in this study; these data are fully inde-
pendent of the precipitation data from NCALDAS-
Noah (Adler et al. 2003, 2012, 2017; Huffman et al.
2009). The spatial resolution in GPCP precipitation is
relatively coarse, but this dataset is high-quality and
the comparable spatial resolutions as the GRACE
data. GPCP precipitation data are available at
https://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.
html.
El Nino-Southern Oscillation
The El Nino-Southern Oscillation (ENSO), an
interannual ocean-atmosphere oscillation in the tropi-
cal Pacific Ocean, is recognized to have a significant
impact on the climate of the Great Plains. Previous
studies have shown that ENSO influenced the loca-
tion of the Great Plains low-level jet (GPLLJ) (Cook
et al. 2008; Weaver et al. 2009; Wang and Cheng
2009; Barandiaran et al. 2013), consequently affect-
ing precipitation (e.g., Hu and Feng 2001; Yang et al.
2007; Ruiz-Barradas and Nigam 2010). Phillips et al.
(2012) showed that TWS, as one of the key factors in
the hydrologic balance equation, was related to
ENSO. Therefore, the relationship between GRACE
TWS and an ENSO index may be indicative of the
physical understanding of the occurrence of drought
events in the OAR. In this study, the Nino3.4 index,
derived from normalized sea surface temperatures
(SST) in the tropical Pacific region (5N–5S, 170–
20W), was used as a representative measure of
ENSO (Figure 6c). We applied power spectrum analy-
sis to a time series of Nino SST 3.4 and GRACE TWS
anomalies to detect their predominant timescales.
Before calculating these power spectra, all raw time
series data were detrended.
RESULTS
GRACE and Model TWS Estimates
A previous study (Barandiaran et al. 2013) showed
that seasonal precipitation in the northern Plains
peaks in summer, where the southern Plains receives
more rain in late spring, consistent with increased
strength and extent of the GPLLJ and a northward
shift of the upper-level jet stream (Wang and Cheng
2009). Precipitation during the months of April-June
has decreased substantially in the southern Plains,
whereas increasing in the northern Plains since 1979
suggesting that a north-south boundary of ~39N (fig-
ure 1a in Barandiaran et al. 2013) delineates differ-
ent precipitation patterns, or water cycles. Therefore,
our results and discussion will focus on two
subregions, the northern OAR and southern OAR
(Figure 1).
First the TWS time series from GRACE and
NCALDAS over the OAR during the period of 2003–
2015 was examined (Figure 2). Similar to the findings
of Houborg et al. (2012), there is an obvious seasonal
pattern in TWS with spring-summer peaks and fall
troughs which is also found in many other basins in
the U.S. (Rodell et al. 2007; Famiglietti et al. 2011).
For the entire period of study, GRACE and NCAL-
DAS showed good temporal covariance of TWS. Fig-
ure 2a shows that GRACE observations agreed well
with NCALDAS in terms of TWS anomalies before
2010 over the northern OAR; however, GRACE obser-
vations indicated much larger TWS seasonal varia-
tions after 2010 than NCALDAS did. In addition,
NCALDAS systematically had a lower TWS after
2010 over this region. Based on the TWS changes
from NCALDAS, the northern OAR experienced a
long-term drought event beginning in 2010 which
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peaked in 2012. The GRACE data, in contrast, indi-
cated the northern OAR drought did not begin until
2012, then quickly recovered. One possible reason for
the large TWS differences between GRACE and
NCALDAS is that the TWS estimation from NCAL-
DAS is only balanced by soil moisture and surface
snow and ice, whereas surface water and groundwa-
ter also account for a portion of the TWS measure-
ment in GRACE (Cai et al. 2014). For this particular
timing (after 2010) and region (northern OAR), the
surface water and groundwater played a more impor-
tant relative role on TWS anomalies than in prior
years.
As shown in Figure 2b, both GRACE measure-
ments and NCALDAS estimates show a similar
annual cycle over the southern OAR for the period
2003–2015, with a coefficient of determination as high
as 0.78 at the 99% confidence level. Both the GRACE
and NCALDAS time series indicated an abrupt
decrease in TWS in 2010, which remained low until
2015 indicating a reasonably long-term drought in
the south ORA during 2011–2015. Prior to the onset
of drought conditions in 2011, there was no signifi-
cant change in TWS, however, beginning with the
drought in 2011, a steep decline in TWS of 3.8 mm/yr
occurred between May 2011 and July 2013. The low-
est TWS anomaly over the south ORA was found in
August (NCALDAS) and September (GRACE) 2012
(9.36 and 11.45 cm, respectively) corresponding to
the 2012 extreme drought. This result is consistent
with previous studies (Houborg et al. 2012; Rippey
2015) which indicate GRACE and NCALDAS TWS
anomaly signals over the southern OAR provide a
good metric of drought conditions as observed by the
U.S. Drought Monitor (https://droughtmonitor.unl.ed
u/Maps/MapArchive.aspx).
GRACE showed much larger TWS in 2011 over the
northern OAR than the southern OAR, indicating
that the southern OAR suffered an extreme one-year
drought event, whereas the northern OAR experi-
enced relatively wet conditions. Although both subre-
gions experienced severe drought in 2012 and 2013,
quantitative measurement of drought conditions indi-
cated that the southern OAR drought was much more
severe than the northern OAR drought. After 2013,
the drought ended and conditions returned to near-
normal status in the northern OAR, as the GRACE
data indicated (Figure 2a), but in the southern OAR,
drought conditions continued through 2015.
In order to examine the spatial and temporal evo-
lution of drought events in the OAR, the yearly aver-
age GRACE TWS changes for 2003 through 2015
were computed (Figure 3). Figure 3 clearly illustrates
the evolution of drought conditions during the 13-
year period of analysis. The northern OAR varied
from slight dryness (2003–2007) to wetness (2008–
2011), and then to severe drought (2012–2013). After
that, conditions returned to near-normal status. In
the southern OAR, wetness (2004, 2005, and 2007),
slight dryness (2008–2010), and then drought (2011–
FIGURE 2. Comparison of terrestrial water storage (TWS) change in the OAR from Gravity Recovery and Climate Experiment (GRACE)
and National Climate Assessment — Land Data Assimilation System (NCALDAS). (a) TWS change (cm) in the northern OAR, and (b) TWS
change (cm) in the southern OAR.
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2015) were observed. Overall, this summary concurs
with recent surface observation-based studies (Dam-
berg and AghaKouchak 2014; Yuan and Quiring
2014; Zhao et al. 2017), satellite MODIS-observed
studies (Zhou et al. 2017), and modeling studies
(Feng et al. 2017).
As noted in Figure 3, the OAR experienced very
dry conditions in 2003 and 2006. This is consistent
with records from the National Centers for Environ-
mental Information (NCEI) which highlighted the
combination of high temperatures and low precipita-
tion (Figure 4) that led to these two drought events
(NOAA/NCEI 2004, 2007). In addition, the U.S.
Department of Agriculture reported that the 2006
wheat harvest in Oklahoma was one of worst in
50 years due to drought, wildfires, high winds, hail
storms, pests, and frost damage. These on-the-ground
impacts illustrate how GRACE TWS observations
could be useful in the reconstruction and validation
of drought events.
To further illustrate the development of the 2011–
2012 drought event, monthly TWS anomalies were
displayed for a 24-month period from December 2010
to November 2012 (Figure 4). As Figure 4 indicated
the 2011 drought began in spring 2011 over the
southern OAR and peaked in fall 2011. The southern
OAR suffered extreme drought, whereas the northern
OAR showed wetness during 2011. Drought condi-
tions improved by January 2012 due to increased pre-
cipitation over the southern OAR (Figure 5),
however, more severe drought conditions returned to
this subregion in May 2012 and continued through
the summer and fall. By July 2012, the drought had
spread over the entire OAR. The event lasted nearly
eight months until being partially alleviated by
improved rainfall in April 2013 over the northern
OAR, whereas drought continued to intensify in the
southern OAR. By July 2013, drought conditions had
gradually improved across the entire OAR. In spring
2014, increasing precipitation broke a two-year pat-
tern of drought in the northern OAR, whereas
drought conditions again plagued the southern OAR
through 2015.
When compared with monthly precipitation totals
for the period 2011 through 2015 (Figure 5), precipi-
tation increases did not materialize during summer
2011 over the southern OAR as would typically be
expected, and this negative precipitation anomaly led
to the onset of drought in this area. Less rainfall dur-
ing summer 2012 was an additional possible contribu-
tor to the 2012 drought over the entire OAR. The low
precipitation from 2013 through 2014 continued to
worsen drought conditions over the southern OAR.
These anomalies may have been caused by cool sur-
face temperatures in the eastern equatorial Pacific
(La Nina). The dramatic decrease in precipitation
during this period is consistent with observed
drought conditions over the OAR (Figures 4 and 5),
suggesting that less precipitation was most likely the
biggest contributor to the massive decline in TWS.
According to some studies, the 2012–2013 drought
over the central Great Plains was the most severe in
FIGURE 3. Evolution of yearly TWS deficits from GRACE in the
OAR.
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117 years (Hoerling et al. 2014), an assertion which
is well-aligned with the TWS analyses presented
here.
Evidence from Climatological Precipitation
Accumulated yearly precipitation from the GPCP
(Adler et al. 2003) are shown in Figure 5a and 5b for
the northern and southern OAR for the period 2003–
2015. The four-year period from 2011 to 2014 was the
driest period in the southern OAR, consistent with
GRACE observations (Figure 3). During 2011, the
southern OAR received significantly less precipitation
(up to over 50 cm) than average, whereas the north-
ern OAR received a near-normal amount of precipita-
tion over the same period. During 2012 and 2013,
both the southern and northern OAR suffered their
most severe drought events since 2003 with maxi-
mum annual precipitation deficits of 30 cm. In 2014,
the southern OAR suffered drought again, whereas
the northern OAR recovered and received up to over
10 cm more precipitation than normal. The extreme
drought event of 2011–2012 over the entire OAR was
the second driest meteorological event on record for
the region, with summer precipitation at 40% of long-
term means (Long et al. 2013).
Relationship between GRACE TWS and ENSO
As indicated in Figure 6a, the spectrum of Nino3.4
SST is characterized by a high and significant
FIGURE 4. Monthly TWS anomalies during a 24-month period from December 2010 to November 2012.
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concentration of variance at multi-year time scales
with a peak at 43 months (about 3.6 years) consistent
with previous studies (Watanabe et al. 2011). Because
of the brevity (January 2003–December 2015) of the
Nino3.4 SST record used here, multi-decadal periods
were not detected. In addition, Figure 6a clearly
showed that the significant periodicity in the Nino3.4
SST time series occurred from 21.5 to 43 months, or
approximately 2 to 3.5 years. For the GRACE TWS
time series, 43-month periods (3.6 years) are com-
monly found in both the southern and northern OAR
(Figure 6b and 6c).
GRACE TWS in the northern OAR showed a
clear oscillatory behavior between drought and wet
phases with a period of 2–7 years, but in the south-
ern OAR, there is no relative high-frequency varia-
tion. In other words, the power spectrum analysis
indicated that periods of 3.6–7 years can be found
in the southern OAR. The 2- to 7-year periodic fluc-
tuation in Nino3.4 SST has been widely studied,
with the northern OAR more likely to be influenced
by El Nino than the southern OAR. For example,
Cook et al. (2008) found higher rainfall in the
northern Great Plains and reduced precipitation in
the southern Great Plains consistent with projected
climate change. Barandiaran et al. (2013) reported
that north of 40N, the Great Plains received more
precipitation, whereas substantial decreases in total
precipitation were evident south of 40N over the
past 30 years. This seesaw mechanism of precipita-
tion agrees well with the observed TWS difference
between the southern and northern OAR since
2010.
Figure 7 shows squared wavelet coherence between
Nino3.4 SST and TWS anomalies. As suggested in a
previous study (Grinsted et al. 2004; Xu et al. 2014),
wavelet analysis (Torrence and Compo 1998) can be
used to examine the cause and effect relationship
between two time series at different time scales. In
this instance, the two time series were detrended to
remove seasonal changes (semi-annual and annual
cycles), then standardized by subtracting their mean
and dividing by their standard deviation (Schruben
1985). As Figure 7b indicates, high coherence
between Nino3.4 SST and TWS anomalies at the
scales between 14 and 31 months in the southern
FIGURE 5. Accumulated yearly total precipitation in (a) the northern OAR, (b) southern OAR, and (c) sea surface temperatures (SST)
anomalies in Nino3.4.
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FIGURE 6. Power spectrum analysis on Nino3.4 SST (a), monthly TWS anomalies in the northern OAR (b), and monthly TWS anomalies in
the southern OAR (c).
FIGURE 7. Analysis of squared wavelet coherence between the Nino3.4 SST and TWS in the northern OAR (a), and in the southern OAR
(b). Arrows represent phase relationship with right (left) arrows indicating positive (negative) correlations and lag (lead) of Nino3.4 SST is
denoted by upward (downward) arrows.
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OAR is found, indicating a cause and effect relation-
ship between these two time series in this region.
TWS anomalies appear to be driven by Nino3.4 SST
at ~2-year scale over the 2005–2011 period corre-
sponding to the main mode variability. Phase rela-
tionships are shown by the arrows where a positive
correlation is represented by an arrow pointing to the
right, and a negative correlation is depicted by one
pointing the left; leadership of the first variable
(Nino3.4 SST in this study) is shown by a downwards
pointing arrow and lag of the first variable is indi-
cated by an upward pointing arrow. Therefore, as
shown in Figure 7b, the mean phase angle within
regions at a 95% confidence interval is ~45 indicat-
ing that the Nino3.4 SST and TWS anomalies are
neither in phase nor out of phase, but that the
Nino3.4 SST leads the TWS variation by 45 on aver-
age for the periods of 14–31 months per cycle. In
other words, the Nino3.4 SST variation leads the
TWS change by 1–4 months (i.e., approximately 45
[14–31]/360). As suggested by Yang et al. (2007), the
Great Plains precipitation is strongly related to the
Nino3.4 SST, and the most significant relationship
appears when the SST leads the precipitation by one
month. Since precipitation is only one of the four
major parameters (along with groundwater, evapo-
transpiration, and runoff) contributing to TWS
change (Yeh et al. 2006), there is more temporal vari-
ability in the SST-TWS relationship than the SST-
precipitation relationship. In the northern OAR, the
significant phase angle is about zero, along with a
very limited significant zone but which were located
from 17 to 24 months over the 2005–2007 period.
Therefore, the impact of Nino3.4 SST on the northern
OAR presented no significant lags detected on the
TWS anomalies.
CONCLUSIONS
In this study, GRACE data have been shown to
capture extreme climatic events such as droughts
and floods on a regional scale. As a result, GRACE
offers an alternative and independent method to
monitor changes in TWS and the underlying hydro-
logical dynamics. For those locations and situations
where in situ observations are limited, GRACE data
can be especially useful for water resource monitoring
and management applications.
This study focused on the spatial and temporal
variations in TWS and precipitation in the OAR dur-
ing the period 2003–2015. In addition, power spec-
trum and squared wavelet coherence analyses were
used to detect the possible correlation between TWS
and ENSO. We conclude that TWS changes over the
OAR during the period 2003–2015 have the following
characteristics:
1. Measured changes in GRACE TWS can be a
promising tool as it provides an alternative and
useful hydro-climatological index for the OAR.
GRACE TWS changes provide a detailed picture
of the temporal and spatial evolution of severe
drought events over the OAR during the past
13 years. The 2012 drought in the northern OAR
and 2011–2015 drought in the southern OAR,
which are observed in the GRACE TWS data,
are consistent with GPCP precipitation analyses.
2. NCALDAS observations are found to perform
well in the southern OAR, in terms of correlation
with TWS variations, but NCALDAS overesti-
mates drought conditions after 2010 in the
northern OAR. This discrepancy may be partially
explained by the lack of surface water and
groundwater components in NCALDAS.
3. Changes in GRACE TWS during the period
2003–2015 follow increases and decreases in pre-
cipitation, which are closely connected to El Nino
and La Nina events. Specifically, drought and
flood conditions recorded in the GRACE TWS
data correlated well with the Nino3.4 SST index.
Our analysis clearly indicates that an El Nino
(La Nina) event is associated with high (low) pre-
cipitation in the southern OAR, but the correla-
tion between ENSO and precipitation in the
northern OAR is relatively weaker. The power
spectrum analysis indicates that significant cor-
relations between TWS and ENSO are present,
and the wavelet coherence analysis shows that
the influence of Nino3.4 SST on TWS changes is
much stronger in the southern OAR than the
northern OAR.
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